Nitrile radicals have been generated in solution by photolysis of azo-compounds at 20 °C, and their electron spin resonance spectra have been studied. The radicals have the formula CH3C (CN) R where R=-CH3, -CH2CH3, -CH2CH2CH3 or -CH2C02CH3.
this exchange also resulted in a broadening of the lines in the spectra of radicals with -COOH substituents.
Some of the difficulties associated with the use of flow systems may be avoided if radicals are generated by irradiation of a suitable liquid sample within the resonance cavity. PIETTE and LAND-GRAF 5 identified the radical products of the photolysis of n-butyl, sec-butyl and t-butyl hydroperoxides in this way, and measured their recombination rate constants. FESSENDEN and SCHÜLER 6 described the ESR spectra of a large number of alkyl radicals formed in liquid hydrocarbons during irradiation by 2.8 MeV electrons. Linewidths were in the range 0.13 -0.4 gauss and in some cases second order structure and coupling to y-protons was resolved. Using a similar technique the spectra of the radicals CF3' and CHF,' 7 and F02" 8 were studied. LIVING-STON and ZELDES used a technique in which solutions were irradiated, using a mercury vapour lamp, while flowing through the resonance cavity. In one group of experiments solutions of hydrogen peroxide in alcohols were used; photolysis of the hydrogen peroxide gave OH' radicals which reacted with the alcohol 9 ' 10 . In other experiments solutions of acetone 10, n , acetaldehyde, diacetyl and acetoin 12 were photolysed. ADAMS 13 irradiated solutions of di-t-butyl peroxide and various alcohols in isooctane as they flowed through the cavity of an ESR spectrometer. Photolysis of the di-t-butyl peroxide was presumed to give t-butoxy radicals, which reacted with the alcohols by removal of hydrogen atoms. Independently, KRUSIC and KOCHI 14 described a versatile technique for studying organic free radicals which also used di-t-butyl peroxide as a source of free radicals. By photolysing static solutions of dit-butyl peroxide in hydrocarbons they were able to study the ESR spectra of a number of alkyl radicals formed when t-butoxy radicals abstracted protons from the hydrocarbons. Some excellent spectra were obtained by this technique 14 ' 15 . VANDERKOOI and Fox 16 studied the photolysis products of CF3OF and CF3OOCF3 between -196 °C and -170°C. They used a mixed CF4 -CF3C1 solvent which remained liquid well below -196 C.
Of the free radicals we have studied, it appears that only ESR spectra of the radical (CH3) 2C -CN are reported in the literature. BICHUTINSKII et al. 17 generated this radical by thermal decomposition of solutions of 2,2'-azo-bis-isobutyronitrile, and the hyperfine coupling constants reported (128 °C) were an =19.5 gauss and = 3.1 gauss. WEINER and HAMMOND 18 decomposed solutions of 2,2'-azo-bisisobutyronitrile by photochemical means, and found aH = 20.4 gauss and A^ = 3.3 gauss. PEARSON, SMITH and SMITH 19 , using a titanous chloride-hydrogen peroxide flow system, found that when isobutyronitrile was present as a substrate an ESR spectrum was observed which was attributed to a mixture of the radicals, found that a solution of 2,2'-azo-bis-isobutyronitrile and aluminium triethyl in benzene at 54 °C gave an ESR spectrum which they attributed to a mixture of ethyl radicals and (CH3) 2C -CN radicals. The coupling constants reported for the latter radical were aH = 10.1 gauss and a^ = 3.4 gauss. This value of ag was about half the values previously reported.
In our experiments radicals were generated by a method similar to that used by WEINER and HAM-MOND 18 
Experimental
2,2'-azo-bis-isobutyronitrile, supplied by Koch Light Laboratories Ltd., was recrystallized from methanol and from chloroform.
2,2'-azo-bis-2-methylbutyronitrile was prepared by the method of Dox 23 .
2,2'-azo-bis-2-methylvaleronitrile was prepared by the method of OVERBERGER et al. 24 . This was prepared by a modification of the method used by WOLFF 25 to prepare ethyl acetoacetate azine. 232 g methyl acetoacetate were added to a solution of 130 g hydrazine sulphate and 106 g anhydrous sodium carbonate in 1 1 water, and the mixture was stirred at room temperature for l| hours. The azine was separated from the reaction medium by ether extraction, and purified by recrystallization from ethanol. Colourless needles, m. pt. 50 -51°. 
Methyl acetoacetate azine
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10 g of the unpurified portion of 3,3'-hydrazo-bismethyl-3-cyanobutyrate were dissolved in 15 g hot methanol, cooled to 0 °C in a cardice-methanol bath (a super-saturated solution was obtained), and a solution of bromine in methanol was added dropwise, while stirring and maintaining the temperature at 0 °C, until the colour of bromine persisted. Excess bromine was removed by adding a few drops of an aqueous solution of potassium metabisulphite. The reaction mixture (total weight 54 g) was poured into 100 g water at 0 °C. The precipitate which separated was filtered off and recrystallized twice from methanol. Colourless crystals, melting at 115 -116° with effervescence. 25 In preparing the samples for irradiation in the spectrometer cavity the concentrations of the azo-compounds, and the solvents used, are shown in Table 1 . Analytical reagent grades of benzene and chloroform, supplied by BDH Ltd., were used. (The latter contained about 1% w/w ethanol.) The samples were thoroughly de-gassed, and the spectrometer cells sealed under high vacuum. Table 1 . Compositions of samples photolysed in the spectrometer cavity.
One of the spectrometer cells was constructed with a Radiospares TH-B12 bead thermistor sealed into a constriction in the silica end of the cell with Araldite. The thermistor formed one arm of an unbalanced Wheatstone bridge; the other components of the Wheatstone bridge were a Mallory mercury cell (RM-3R), a Scalamp spot galvanometer, and three carbon resistors of 1800 Q. After calibration, the deflection of the galvanometer was used to ascertain the temperature of the sample in the cell.
A Varian E-3 spectrometer was used. The TE102 cavity had a grid front with 50% transmittance to light. The radiation from a 250 watt ME/D mercury vapour lamp was focussed on this grid by the use of silica lenses.
Results
In Table 2 the free radicals we have studied are listed, together with their parent azo-compounds, the hyperfine coupling constants assigned to the radicals, and the linewidths. The spectra of the radicals are shown in Figures 1 and 2 .
The spectra shown in Figure 1 were continuous sweeps recorded with a single sample under conditions of over-modulation. Radical concentrations decreased noticeably during the scan from left to right (about three hours). The absorption peaks to high field of the centres of the spectra, causing assymmetry in the spectra, are due to impurities in the silica of the spectrometer cells. (Similar peaks were observed when the empty tubes were irradiated.) Table 2 . Summary of data derived from ESR spectra recorded at 20 °C.
(1)
•vsv^wvwyi The spectra shown in Figure 2 were recorded under reduced modulation amplitude and are expanded to show the additional hyperfine structure resolved. The spectrum of the radical CH3C(CN)CH2C02CH3 is not included in this Figure because additional hyperfine structure was not resolved under these conditions. For the purposes of presentation portions of the spectra showing no fine structure are ommitted. Because of the greater time needed to record these spectra, two samples were generally used for each complete spectrum.
The coupling constants reported in Table 2 were derived from the spectra shown in Figure 2 . To do this, it was assumed that second order splittings were adequately described by the treatment of FESSEN-DEN 26 , and that the absorption peaks were of Lorentzian shape. Coupling constants and linewidths were then adjusted to give the best agreement between experimental and theoretical spectra. Theoretical spectra, calculated in this way, are shown beside the experimental spectra in Figure 2 , and it is seen that the agreement is satisfactory. The term "linewidth" is used to denote the separation of the maximum and minimum of the first derivative of the (Lorentzian) absorption curve of a single hyperfine component, in the absence of second order splittings. Linewidths quoted in Table 2 have the same significance.
The errors in the coupling constants and linewidths reported in Table 2 are estimated to be not greater than + 0.05 gauss. Sample temperatures were within ±1° of 20 °C.
Careful examination of the spectrum of the radical CH3C(CN)CH2C02CH3 (Figure 1) shows that it consists of only 30 hyperfine components, not 36 as expected. This arose because, to a close approximation, «h™ 3 -= 2 aN . Consequently lines 6, 11, 13, 18, 20 and 25 consist of pairs of lines superimposed. Even under conditions of maximum resolution, however, these lines were not detectably broader than the others.
Discussion
FESSENDEN and SCHULER 6 , following CHESNUT 27 , considered that the hyperfine coupling constant of a ^-proton of a methyl group, aiiosf'j wa s proportional to the spin density in the 2pz orbital of the trigonal carbon atom to which the methyl group was bonded, o. Thus, and for ethyl, isopropyl and t-butyl radicals Q was given by, (1-0.081)»
where n was the number of methyl groups attached to the trigonal carbon atom. Equations (1) and (2) were arrived at by considering radicals derived from hydrocarbons, but FISCHER 3> 28 suggested that they might also be applied to radicals with polar substituents. Moreover, Fischer proposed that for radicals with polar substituents, represented by, xlv Q would be given by Eq. (4), e-rtti-^x,)].
A (Xj) was an empirical parameter related to the mesomeric effect (but not the inductive effect) of the substituent X;. Using Fessenden and Schuler's values of A (X,) for substituents -H and -CH3
(zero and 0.081 respectively 6 ) Fischer used Eqs.
(1), (2) and (4) So far only /3-proton hyperfine coupling constants of methyl groups have been considered. A more general description of yS-proton coupling constants must take account of the orientation-dependence of the coupling, which has already been referred to. HEL-LER and MCCONNELL 29 considered that in the equation,
QH(ß depended on the angle 0 between the a carbon 2pz orbital and the plane containing the ^-proton C -H bond, according to Eq. (6).
Qti(ß) = A+B cos 2 0. (6)
The term A was expected to be small compared with B cos 2 6, which represented the coupling by a hyperconjugative mechanism. The evidence suggests that methyl groups normally rotate sufficiently freely for all values of 0 to be equally probable, so that cos 2 6 in Eq. (6) may be replaced by an average value of i . FESSENDEN and SCHULER 6 , considering the methyl groups of ethyl, isopropyl and t-butyl radicals, concluded that in Eq. (6), if A = 0, B = (58.6 + 0.1) gauss. For substituents other than methyl in general not all values of 0 are equally probable, so that (cos 2 0)av. may differ from 2. STONE and MAKI 30 considered the effect of hindered internal rotation on /9-proton hyperfine splittings and derived an expression for the dependence of (cos 2 0)av. on the potential energy barriers to internal rotation. radicals) had /2-protons which appeared equivalent in the ESR spectra. In these cases Fischer argued that rapid transitions occurred between two favoured configurations. In one of these configurations the orientations of the /^-hydrogen atoms, Hx and Ho, were 0X and 62 respectively. The rotationallyaveraged /?-proton coupling constant was given by, a EU0 = B q i (cos 2 0 t + cos 2 02).
Since 6± and 02 were related (0! +02 = 120°), Fischer was able to calculate the precise orientations of the favoured configurations from observed coupling constants. The weakness of this approach is that it takes no account of contributions to otjj(^) arising from configurations intermediate between the two favoured configurations. That such configurations do make an important contribution to in hindered radicals is shown by the fact that ^-proton coupling constants are often markedly temperature-dependent.
In the light of these comments the values of a H(^) a reported in Table 2 may be discussed. For the radicals with ethyl and n-propyl substituents these values do not differ greatly from the values of a H(/3) I n former radical the /?-proton coupling constant for the ethyl group is actually larger than for the methyl group. This suggests that configurations in which the /-CH3 group lies approximately in the plane of the trigonal carbon atom are favoured. A similar situation was observed by FISCHER 4 for the radical CH3C(CN)CH2OH and by FESSEN-DEN and SCHÜLER 6 for the radical CH3CHC2H5 . For the radical CH3C (CN) CH2CH2CH3 the ^-proton coupling constant of the n-propyl group is smaller than for the methyl group. This is the situation that is found in the majority of sterically hindered radicals of this type. It can be explained by supposing that configurations in which the group attached to the /?-CH2-group lies approximately perpendicular to the plane of the trigonal carbon atom are sterically favoured. The effect is particularly noticeable in the CH3C (CN) CH2C02CH3 radical, and it seems possible that rotation of the -CH2C02CH3 substituent is severely restricted.
To date no satisfactory theoretical description of hyperfine coupling to y-protons has been given. Fessenden and Schuler's studies of the temperature-dependence of /-proton coupling in the propyl radical led to the opinion that the coupling was very sensitive to the precise orientation of the radical 6 . Our studies of CH3C(CN)CH2CH3 and CH3C(CN) CH2CH2CH3 radicals lead to the same conclusion. Although these radicals are structurally rather similar, their 7-proton coupling constants differ by a factor of about three. The steric requirements for maximum 7-proton coupling are still not clear.
The hyperfine coupling constants of nitrogen atoms in our radicals are of similar magnitude to those found by other workers for similar radicals. The observation that all nitrogen hyperfine coupling constants in the radicals studied by us are the same, within experimental error, is not surprising since for the nitrile group a significant orientation-dependence is not expected. A dependence of the nitrogen hyperfine coupling constant on Q (Table 3) An investigation of the microwave spectrum of CH3SC1 35 in the excited torsional state has been carried out. The barrier to internal rotation and other connected parameters are thus obtained. A centrifugal distortion analysis of the microwave spectrum of CH3SC1 35 in the ground state is also performed to predict high J transitions. A /-"-structure and bond axis quadrupole coupling constants are also considered.
In a preceeding paper the microwave spectrum of methanesulfenylchloride has been investigated 1 . The rotational constants and the quadrupole coupling constants have been given for both isotopic species CH3SC1 35 and CH3SC1 37 in the ground state. The dipole moment of the CH3SC1 35 species has also been determined.
Since a splitting due to internal rotation motion of the CH3-group could not be observed, the present work was undertaken to investigate high / transitions in the ground state and transitions in the first excited torsional state. Considerations concerning structure and quadrupole coupling constants are also given. The microwave spectrometer is a conventional 100 kHz Stark effect spectrometer operating in the range 6 -37 GHz described elsewhere 2 ' 3 .
Frequency measurements are believed to be accurate within i 0.03 MHz. The sample of methanesulfenylchloride was prepared by J. ROSENBAUM, Freiburg, and used without further purification.
Centrifugal Distortion Analysis
The centrifugal distortion analysis has been made essentially to predict the high J transition frequencies of CHgSCl 35 in the ground state. Thereby it was possible to find such lines and check for a possible splitting due to internal rotation.
